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ABSTRACT: The rate-determining step in free radical lipid
peroxidation is the propagation of the peroxyl radical, where
generally two types of reactions occur: (a) hydrogen-atom transfer
(HAT) from a donor to the peroxyl radical; (b) peroxyl radical
addition (PRA) to a “CC” double bond. Peroxyl radical clocks
have been used to determine the rate constants of HAT reactions
(kH), but no radical clock is available to measure the rate constants
of PRA reactions (kadd). In this work, we modified the analytical
approach on the linoleate-based peroxyl radical clock to enable the
simultaneous measurement of both kH and kadd. Compared to the
original approach, this new approach involves the use of a strong
reducing agent, LiAlH4, to completely reduce both HAT and PRA-
derived products and the relative quantitation of total linoleate oxidation products with or without reduction. The new approach was
then applied to measuring the kH and kadd values for several series of organic substrates, including para- and meta-substituted
styrenes, substituted conjugated dienes, and cyclic alkenes. Furthermore, the kH and kadd values for a variety of biologically important
lipids were determined for the first time, including conjugated fatty acids, sterols, coenzyme Q10, and lipophilic vitamins, such as
vitamins D3 and A.

■ INTRODUCTION

Despite the crucial role of molecular oxygen in cell metabolism
and energy production, imbalance between pro-oxidant and
antioxidant cellular processes can lead to an increased level of
reactive oxygen species, a state generally called “oxidative
stress”. Oxidative stress can result in DNA damage and alter
cell proliferation, differentiation, or metabolism.1 Lipids are
among the primary targets of attack by reactive oxygen species,
leading to subsequent free radical chain reactions with
molecular oxygen, termed lipid peroxidation. Since lipids are
essential components of the cell membrane, lipid peroxidation
is associated with multiple human conditions and diseases,2−4

including atherosclerosis,5 diabetes,6 cancer,7,8 neurodegener-
ative disorders,9−11 and certain cholesterol biosynthesis
disorders.12 More recently, lipid peroxidation was discovered
to be associated with ferroptosis, a regulated form of cell death
that is morphologically, biochemically, and genetically distinct
from other types of cell death such as apoptosis, necrosis, and
autophagy.13,14 More importantly, nonenzymatic lipid perox-
idation, or autoxidation, was found to be the key effector in the
induction of ferroptosis.15−17

The lipid autoxidation mechanism, kinetics, and product
distribution have been studied intensively for decades.2,4,18,19

The autoxidation process occurs via a three-step mechanism
including the following: initiation, propagation, and termi-

nation (Figure 1).2,4 The rate-limiting step in this mechanism
is the propagation step in which the lipid peroxyl radical can
undergo two types of reactions: hydrogen (H)-atom transfer
(HAT) and peroxyl radical addition (PRA). In the HAT
reaction, the peroxyl radical abstracts a H atom from another
lipid or oxidizable substrate, generating a lipid hydroperoxide,
while in the PRA reaction, the peroxyl radical adds to a “C
C” double bond. This PRA product can then either undergo
intramolecular homolytic substitution (SHi) to form an epoxide
or react with another molecular oxygen to form a new peroxyl
radical. Both the HAT and PRA reactions generate new
radicals that can continue the free radical chain oxidation by
reacting with another lipid molecule or oxidizable substrate.
The direct measurement of HAT rate constants, kH, for a

variety of organic substrates requires the knowledge of the
rates of polymerization (Rp), initiation (Ri), and termination
(Rt); however, Rt can only be determined using the rotating-
sector method.20−22 On the other hand, a radical clock, which
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utilizes a known rate constant of a unimolecular reaction to
measure an unknown rate constant of a competing bimolecular
reaction, is a more convenient method to indirectly measure
kH.

23−26 Specifically, a linoleate-based peroxyl radical clock,
which utilizes the competition between the β-fragmentation
reactions with known rate constants and the bimolecular HAT

reaction, was developed to measure kH for a variety of lipids,
including polyunsaturated fatty acids (PUFAs) and sterols
(Figure 2).23−26 Particularly, the reaction between linoleate
and molecular oxygen can generate peroxyl radicals at either
the 9- or 13-position of the carbon chain. These 9- or 13-
peroxyl radicals can then undergo HAT to yield either 9-trans,

Figure 1. Sequence of the free radical chain oxidation of lipids.

Figure 2. Original linoleate peroxyl radical clock.23

Figure 3. Linoleate peroxyl radical clock in the presence of both HAT and PRA reactions.
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cis (t,c)- or 13-t, c-hydroperoxide products, which are termed
HPODEs, or they can also undergo the competing β-
fragmentation reaction, leading to 13-trans, trans (t,t)- and 9-
t,t-HPODEs. Therefore, linoleate peroxyl radicals, with known
rate constants for β-fragmentation, can be used to “clock” the
unknown rate constants of HAT reactions via eq 1:

‐ ‐
‐ ‐

[ ‐ ]
[ ‐ ]

= [ ‐ + ‐ ]
[ ‐ + ‐ ]

=
[ ]

+

t c
t t

t c t c
t t t t

k

, HPODEs
, HPODEs

9 , HPODEs 13 , HPODEs
9 , HPODEs 13 , HPODEs

Substrate
214

0.16H
(1)

Here, 214 and 0.16 are β-fragmentation-dependent con-
stants.23 Based on the measurements using the peroxyl radical
clock method, cholesterol was found to be a moderately
oxidizable lipid with a kH of 11 M−1 s−1 at 37 °C, but 7-
dehydrocholesterol (7-DHC), a biosynthetic precursor of
cholesterol and vitamin D3,

27,28 was found to be the most
reactive lipid molecule so far, with a kH of 2260 M−1 s−1.24

While the HAT reaction mechanism and rate constants have
been studied extensively via the radical clock method, there has
not been any method established to measure the rate constants
for the PRA reaction, kadd. Epoxides, one of the addition
products, were identified among the oxidation products from
sterols, such as cholesterol and 7-DHC.12,29,30 In addition,
intramolecular PRA reactions were discovered to occur in
cardiolipins with multiple linoleate chains, once one chain is
oxidized to linoleate peroxyl radical.31 This is evidence that
PRA also contributes significantly to the propagation step, and
thus, its rate constants should also be considered in the study
of lipid peroxidation kinetics. This is a major gap in the field
that this study aims to fill. The sum of kH and kadd, also defined
as the total propagation rate constant (kp) of the lipid
peroxidation of a substrate, can also be measured with the
inhibited autoxidation method using a set of calibrated
reference inhibitors.32 However, this method cannot differ-
entiate between the two rate constants either. To fully
understand the complex nature of the lipid peroxidation
mechanism, kinetics, and products, we modified the current

Figure 4. Series of substrates that are examined in this study: (a) styrene and its para-substituted derivatives, (b) meta-substituted styrene
derivatives, (c) styrenes with methyl substituent at the α- and β-position, (d) conjugated dienes with different methyl substituents, (e) cyclic
hydrocarbons, and (f) biologically important lipids.
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linoleate peroxyl radical clock to account for the contribution
of the PRA reaction (Figure 3).
We report here the development of a new analytical

approach based on the original linoleate-based peroxyl radical
clock, which enables the simultaneous measurement of the rate
constants of both HAT and PRA reactions. We first explain the
design of the new peroxyl radical clock approach. We then
apply this new approach to elucidate the values of kH and kadd
for a variety of substrates, including para- and meta-substituted
styrenes, double bond-substituted styrenes, conjugated dienes
with methyl substituent at different positions, cyclic com-
pounds, and biologically important lipids (Figure 4). Based on
these results, we will discuss the factors that affect the
contribution of each reaction to the overall propagation step.
In the end, we will discuss the limitations and the biological
implications of the new approach.

■ RESULTS

Design of the New Peroxyl Radical Clock. Our new
approach was developed based on the autoxidation of methyl
linoleate (MeLn) as its mechanism is well studied. In addition,
our preliminary studies had shown that the high-performance
liquid chromatography (HPLC) chromatograms of MeLn-
based oxidation products had better separation compared to
that of linoleic acid, which enables better product analysis. To
elucidate the values of kH and kadd, it is crucial to capture all the
linoleate-derived peroxide products by fully reducing the
hydrogen peroxyl group in HPODEs from the HAT reaction
and the alkyl peroxyl group in addition products from the PRA
reaction. We used the co-oxidation reaction of MeLn and
styrene in benzene to examine different reducing agents and
conditions because styrene can only undergo PRA reactions
(see the Experimental Section). After the peroxidation
reaction, the reaction mixture was split into two halves.
While the first half was analyzed directly, the second half was
reduced prior to analysis. This ratio between the total reduced
oxidation products and the total nonreduced oxidation
products is expected to be equal to or larger than one if all
the oxidation products are fully reduced. Even though
triphenylphosphine was commonly used in the classic radical
clock approach as a reducing agent,23,24 we found that it was

not strong enough to reduce all the linoleate-derived products,
particularly those from the PRA reactions, which are
dialkylperoxides and sometimes in the form of peroxide
polymers.2 Attempts using sodium borohydride under various
conditions were also unsuccessful, leading to the ratios
between the concentration of reduced and nonreduced
oxidation products that are less than one. We found that the
complete reduction of all oxidation products could only be
achieved using the strong reducing agent lithium aluminum
hydride (LiAlH4). It should be noted here that LiAlH4 reduces
both the peroxyl bonds and the ester moiety in MeLn to
alcohols. Importantly, these diols are a completely new set of
products from the oxidation of linoleate that have never been
characterized before as readouts for radical clocks. We termed
these linoleate-derived alcohols, or hydroxyoctadecadienols,
HODOLs (structures shown in Figure 5).
Our new peroxyl radical clock approach can be summarized

into two main steps: to measure the sum of kH and kadd and to
determine the ratio of kadd/kH (Figure 5). The sum of kH and
kadd, which is equal to kp, can be elucidated via plotting the
ratio [t,c-HODOLs]/[t,t-HODOLs] at different substrate
concentrations. Specifically, when an oxidizable substrate can
undergo both HAT and PRA reactions, the ratio [t,c-
HODOLs]/[t,t-HODOLs] will be mediated by the competi-
tion from the HAT, β-fragmentation, and PRA reactions.
Therefore, kp can now be calculated from eq 2:

[ ‐ ]
[ ‐ ]

=
[ ]

+t c
t t

k, HODOLs
, HODOLs

Substrate

214
0.16p

(2)

On the other hand, the ratio kadd/kH could be elucidated by
plotting the ratio between the concentration of the total
HODOLs, which are reduced oxidation products derived from
both the HAT and PRA reactions, termed HODOLtotal, and of
the total HPODEs, which are nonreduced oxidation products
derived from only the HAT reaction, termed HPODEtotal, at
different substrate concentrations. Thus, eq 3 describes the
ratio [HODOLtotal]/[HPODEtotal] as a function of substrate
concentration.

Figure 5. Proposed new radical clock approach and the structures of 13-t,c-, 9-t,c-, 13-t,t-, and 9-t,t-HODOL. (HPODE: hydro-
peroxyoctadecadienoic acid, i.e., nonreduced products from HAT reaction; HODOL: hydroxyoctadecadienol, i.e., reduced products from both
HAT and PRA reactions; t,c: trans, cis; t,t: trans, trans; kH: HAT rate constant; kadd: PRA rate constant.)
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Here, kMeLn represents the total propagation rate constant of
MeLn, which is 62 M−1 s−1 as measured by the rotating-sector
method.22 In addition, [MeLn], which is fixed at 0.3 M, is the
concentration of MeLn used to set up the radical clock
experiment. Therefore, the term kMeLn[MeLn] is a constant
that is equal to 18.7 s−1. By fitting the [Substrate] vs
[HODOLtotal]/[HPODEtotal] curve to eq 3 using Prism
software, we could obtain the value of kadd/kH. Now, the
individual value for each rate constant could be solved from
the sum and the ratio of kH and kadd. An example on the
determination of kp, kadd, and kH values from the [Substrate] vs
[t,c-HODOLs]/[t,t-HODOLs] and [Substrate] vs [HO-

DOLtotal]/[HPODEtotal] plots for 1,3-cyclohexadiene (1,3-
CHD), a substrate that can undergoes both reactions, is
shown in Figure 6a. When a substrate can only undergo the
HAT reaction, such as 1,4-CHD, eq 3 would be rewritten as eq
4 and the linear fit of the [Substrate] vs [HODOLtotal]/
[HPODEtotal] data would give a slope close to 0 (Figure 6b).
In this case, the value of kH would be reported as the value of
kp. In contrast, when PRA is predominant compared to HAT,
such as in the oxidation of styrene (Sty), eq 3 would become
eq 5, and the linear fit of [Substrate] vs [HODOLtotal]/
[HPODEtotal] data would give a nonzero slope (Figure 6c).
Here, the value of kadd would be equal to the value of kp.

[ ]
[ ]

=k dominant:
HODOL
HPODE

1H
total

total (4)

[ ]
[ ]

=
[ ]

+k
k

dominant:
HODOL
HPODE

Substrate
18.7

1add
total

total

add

(5)

For this new peroxyl radical clock approach, normal phase
HPLC/UV was utilized to quantify the relative amounts of
HPODE and HODOL products, respectively, to an internal
standard, 9-anthracenemethanol (Figure 7) (see the Exper-
imental Section).

Application of the New Peroxyl Radical Clock
Approach to Examining the Reactivities of Substrates
That Can Only Undergo the PRA Mechanism. We first

Figure 6. Determination of kH and kadd for a substrate that can undergo (a) both reactions, (b) HAT reaction only, and (c) PRA reaction only.
Here, the kp value is calculated using the slope of the [Substrate] vs [t,c-HODOLs]/[t,t-HODOLs]. The ratio kadd/kH is generated from the fitting
of the [Substrate] vs [HODOLtotal]/[HPODEtotal] plot using Prism. The measurement for each substrate was performed in triplicate.

Figure 7. HPLC chromatogram at 234 nm for the (a) HPODE and (b) HODOL products eluting with solvent hexane:isopropyl alcohol = 99.5:0.5
and 95.5:4.5, respectively. The internal standard peak was monitored at 254 nm.
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applied the new approach to measure the rate constants of
para- and meta-substituted styrenes (Figure 4a and b). Since
styrene and its para- and meta-substituted derivatives can only
undergo PRA in reactions with MeLn, this series is useful not
only in assessing the application of the new approach but also
in determining the substituent effects on the reactivity of the
PRA mechanism. The [Substrate] vs [HODOLtotal]/[HPO-
DEtotal] curve for styrene and its derivatives confirmed that
they are indeed kadd dominant (Figure S1 in the Supporting
Information). The value of kadd, which is equal to kp, for each
compound was determined and is reported in Table 1. We
found that the experimental kadd value of styrene is on the same
order of magnitude as the value measured previously using the
rotating-sector method at 30 °C.33

Since the addition of peroxyl radical to an alkene is an
electrophilic reaction,34 the polar transition state of the PRA
reaction would be opposite to the carbon-radical addition to
alkenes, which was a nucleophilic process (Figure 8).35

Therefore, we hypothesized that the addition rate constant
of the peroxyl radical to styrene would increase as the electron
density at the double bond increases. We indeed observed an
increase in kadd values of styrene derivatives with strong
electron-donating groups at the para-position such as 4-MeSty
and 4-MeOSty. However, the addition rate constants of
styrene derivatives with electron-withdrawing groups such as 4-
ClSty, 4-FSty, and 4-NO2Sty were found to have kadd values
that are similar to that of styrene. This observation suggests
that radical stabilization effects are more important than polar
effects in influencing the reactivities of PRA to styrene. To

provide further insights into our results, we calculated the
activation energies for the addition reaction between the
peroxyl radical and each of the para-substituted styrenes using
the B3LYP/6-31++G(d,p) method (Table 1). In the computa-
tional model of the reaction transition state, we used the
methyl peroxyl radical as a simplified analogue for the MeLn
peroxyl radical to expedite the calculations. Consistent with the
measured kadd values, we observed a decrease in the computed
energy barriers for Sty, 4-MeSty, and 4-MeOSty, respectively.
There was also no significant difference in the activation
energies of 4-ClSty, 4-FSty, and 4-NO2Sty from that of Sty,
which agreed with our experimental data. The experimental
kadd values also appear to align better with the trend predicted
by the computed spin density than the atomic polar tensor
charge, which represents the partial charge distribution (Figure
9a and 9b).
We then attempted to generate a Hammett correlation by

plotting log(kX/kH) versus either the σpara-scale
36 or the radical

σ-scale (σrad)
37 (Figure S16a and b). However, both Hammett

parameters did not allow us to derive a good linear correlation
between substituent effects and the rate constant of the PRA
reaction. Therefore, we utilized the extended Hammett
equation:

ρσ σ= ++k klog /X H rad (6)

to derive the correlation between the substituent effects and
the computed activation energies (Figure 9e).38 Note that
since the reaction rates appear to be mediated primarily
through radical stabilization effects and the transition state
contains a partial positive charge, the use of the σ+-scale39 is
more appropriate than the σ-scale.36 The values of log(kX/kH),
σ+, and σrad for each substituent were fit to eq 6, giving a ρ-
value of −0.66. Fitting of the calculated activation energy and
the combined Hammett parameters (σrad − 0.66σ+) with linear
regression gave eq 7 (R2 = 0.85):

σ σ= − − ++E 1.04( 0.66 ) 19.4 (kcal/mol)a rad (7)

which describes the dual radical-cationic properties of the
benzylic carbon in styrene and its derivatives (Figure 9c). The
negative slope of the line also confirmed that there is a partial
positive charge buildup on the benzylic carbon atom during
the transition state and that the addition of peroxyl radical to
alkene is indeed an electrophilic reaction. Fitting of the
calculated activation energy and log(kX/kH) also gave a good
linear correlation (R2 = 0.93) with a negative slope of −1.21,
which shows a good agreement between our theoretical and
experimental data (Figure 9d). We then examined the meta-
substituted styrene derivatives to investigate how the addition
rate constants and activation energies would change with only
contribution from the polar effects (Table 1). The small
changes in both rate constants and activation energies of the
meta-substituted styrene derivatives further suggested that the
contribution of polar effects to the reactivity of the PRA
reaction is small. In addition, the rate constants of the meta-
substituted styrene derivatives and σmeta parameters did not
give a good linear correlation in the Hammett plot (Figure
S16c).

Application of the New Peroxyl Radical Clock
Approach to Structure−Reactivity Relationship Studies
of Different Oxidizable Substrates. Here, we applied the
new peroxyl radical clock approach to measure the values of kp,
kH, and kadd for different series of oxidizable substrates

Table 1. PRA Rate Constants (kadd) and Activation Energies
(Ea) of Para- and Meta-Substituted Styrene Derivatives at 37
°C

substrate kadd (M
−1 s−1) Ea (kcal/mol) lit. kadd (M

−1 s−1)

Sty 17 ± 1 19.5 41a

4-MeSty 24 ± 1 19.2 na
4-MeOSty 56 ± 3 18.8 na
4-ClSty 17 ± 2 19.4 na
4-FSty 17 ± 2 19.5 na

4-NO2Sty 13 ± 1 19.5 na
3-MeSty 23 ± 1 19.4 na
3-MeOSty 27 ± 1 19.7 na
3-ClSty 20 ± 1 19.9 na
3-FSty 15 ± 1 19.7 na

aFrom ref 33 at 30 °C. na, not available.

Figure 8. Comparison of the polar transition state between (a) carbon
radical and (b) peroxyl radical to an alkene.
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including α- and β-MeSty, conjugated dienes with different
methyl substituents, and cyclic compounds (Figure 4c, d, and
e). The results are summarized in Table 2.
Structure−reactivity relationship studies on these substrates

allow us to examine the factors that affect the contribution of
each mechanism to the overall propagation rate constant. For
example, both α- and β-MeSty have significantly different
reactivities toward the HAT mechanism due to the location of
their methyl substituent. Particularly, while the proposed
resulting carbon radicals formed after the abstraction of H

atom from α-MeSty span only three carbon centers, the loss of
H atom from β-MeSty potentially forms a much more
delocalized radical (Figure 10). This explains why β-MeSty
has significant contribution from the HAT mechanism while α-
MeSty is kadd dominant. However, we are surprised by the
higher kadd value of β-MeSty compared to α-MeSty. The
addition of peroxyl radical into the terminal methylene group
of α-MeSty would potentially lead to the formation of a tertiary
benzylic radical, which is highly stable. While the addition of
the peroxyl radical at the same carbon of β-MeSty would

Figure 9. (a) Spin density and (b) atomic polar tensor charge distribution in the transition states; (c) activation energies versus the combination of
radical and cation Hammett parameters; (d) activation energies versus log(kX/kH); (e) log(kX/kH) versus the combination of radical and cation
Hammett parameters for PRA reactions to the para-substituted styrene derivatives. The atoms displayed are carbon (dark gray), hydrogen (light
gray), oxygen (red), chlorine (green), fluorine (light blue), and nitrogen (dark blue).
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generate a stable secondary benzylic carbon radical, this
addition position has a methyl substituent. Thus, one would
expect β-MeSty to have lower kadd value than α-MeSty. In
addition, we want to note the difference in the order of our
experimental kadd values for Sty, α-MeSty, and β-MeSty from
those reported by the rotating-sector method. The discrepancy
here can be attributed to the fact that the propagation rate
constants depend on the structure of not only the substrate but
also the chain-propagating peroxyl radical.22 Specifically, in the
rotating-sector method, the resulting chain-carrying species is a
tertial peroxyl radical after the addition of peroxyl radical to α-
MeSty, which is a lot more hindered than the secondary
peroxyl radicals derived from Sty and β-MeSty.22 Hence, the
rate constant for α-MeSty measured using the rotating-sector
method is much smaller than those of Sty and β-MeSty. On the
other hand, in the peroxyl radical clock method, the chain-
carrying species are the same secondary linoleate-based peroxyl
radicals for all substrates, which means the propagation rate
constants depend mostly on the structures of the substrates.
Pairwise comparison of substrates from Table 2 also

confirms the electronic effects on kadd. For example, structures
that contain additional methyl substituents on the double
bond, including 3-methyl-1,3-pentadiene, 2,4-dimethyl-1,3-
pentadiene, 2,4-hexadiene, and 2,5-dimethyl-2,4-hexadiene
(Figure 4d), have much higher kadd values compared to 1,3-
pentadiene. Similarly, the addition of a methyl substituent on
2-methylindene also doubles the kadd value of this substrate
compared to indene. However, it should be noted that 2,4-
dimethyl-1,3-pentadiene has a lower kadd value compared to 3-

methyl-1,3-pentadiene even though it has more methyl
substituents. In 3-methyl-1,3-pentadiene, the peroxyl radical
can be added to both carbon 1 and 4. However, in 2,4-
dimethyl-1,3-pentadiene, the two methyl substituents at carbon
4 sterically hinder the attack of the peroxyl radical at this
position. Comparison between 1,3-pentadiene and 1,3-
hexadiene also allowed us to confirm that changes in kH
values are dependent on the stability of the radical formed
after the loss of the H atom. Specifically, after the HAT
reaction, 1,3-hexadiene would yield a secondary radical that is
much more stable than the primary radical formed from 1,3-
pentadiene. Hence, 1,3-hexadiene has a much higher kH value
and lower kadd/kH ratio than 1,3-pentadiene.
The difference in reactivities of 1,3-CHD and 1,4-CHD

indicates that the PRA mechanism can only significantly
contribute to kp when there is a conjugated double bond
system. Specifically, 1,4-CHD has a nonconjugated double
bond system with two bis-allylic positions, which have been
found to be highly reactive toward H atom transfer.41 Thus,
1,4-CHD is kH dominant. In contrast, 1,3-CHD has a
conjugated double bond system, which explains why there is
significant contribution of kadd to its total propagation rate
constant. It should be noted that the kH values measured for
1,3- and 1,4-CHD are almost identical, which is consistent with
the similar C−H bond dissociation energies (BDEs) previously
reported for the two compounds.42 We also want to note the
discrepancy of our experimental kH value for 1,4-CHD (478
M−1 s−1) compared to the value previously reported (1480
M−1 s−1).22 Similar to the cases of Sty, α-MeSty, and β-MeSty,
the difference can probably be attributed to the different
propagating radicals between the rotating-sector method and
our new peroxyl radical clock approach. Specifically, the chain-
carrying species in the oxidation of 1,4-CHD under the
rotating-sector method are mainly H−OO· radicals, which is
sterically unhindered and highly reactive, thus explaining the
larger HAT rate constant.43 It should be noted that our
experimental kH value for 1,4-CHD is on the same order of
magnitude as the previous results in which the chain-carrying
species are also linoleate-based peroxyl radicals.23,40 In
addition, Howard and Ingold reported predominant contribu-

Table 2. Free Radical Oxidation Propagation (kp), Hydrogen-Atom Transfer (kH), and Peroxyl Radical Addition (kadd) Rate
Constants of Different Organic Oxidizable Substrates Measured by the New Peroxyl Radical Clock at 37 °Ca

substrate kp (M
−1 s−1) kadd/kH kH (M−1 s−1) kadd (M

−1 s−1) lit. kH (M−1 s−1) lit. kadd (M
−1 s−1)

α-MeSty 27 ± 1 kadd dominant na 26 ± 2 na 10a

β-MeSty 63 ± 1 3.1 ± 0.6 15 ± 2 48 ± 2 na 51a

1,3-pentadiene 34 ± 2 kadd dominant na 34 ± 2 na na
3-methyl-1,3-pentadiene 154 ± 4 kadd dominant na 154 ± 4 na na

2,4-dimethyl-1,3-pentadiene 97 ± 4 2.4 ± 0.5 29 ± 4 68 ± 4 na na
1,3-hexadiene 65 ± 1 0.5 ± 0.1 43 ± 3 22 ± 3 na na
2,4-hexadiene 165 ± 7 1.0 ± 0.3 81 ± 11 84 ± 11 na na

2,5-dimethyl-2,4-hexadiene 509 ± 73 1.1 ± 0.2 243 ± 21 266 ± 21 na na
1,3-cyclohexadiene (1,3-CHD) 878 ± 35 0.95 ± 0.12 449 ± 26 429 ± 26 220b na
1,4-cyclohexadiene (1,4-CHD) 478 ± 15 kH dominant 478 ± 15 na 1480b na

265c

362d

1,2-dihydronaphthalene 141 ± 8 0.33 ± 0.08 106 ± 6 35 ± 6 52b 291a

indene 80 ± 5 0.47 ± 0.09 55 ± 3 25 ± 3 14b 128a

2-methylindene 100 ± 7 1.1 ± 0.3 48 ± 6 52 ± 6 na na
α-terpinene 1304 ± 11 0.28 ± 0.03 1019 ± 24 285 ± 24 na na

akH values are reported as per molecule, instead of per H atom. na, not available. bFrom ref 22 at 30 °C. cFrom ref 23 at 37 °C. dFrom ref 40 at 30
°C.

Figure 10. Proposed resulting carbon radicals formed after the HAT
reactions from (a) α-MeSty and (b) β-MeSty.
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tion of the PRA mechanism to the propagation rate constants
of 1,3-CHD, 1,2-dihydronaphthalene, and indene.22,42 How-
ever, we found that the HAT mechanism contributes more
significantly to the propagation step of 1,2-dihydronapthalene
and indene, and both mechanisms contribute similarly to the
propagation rate constant of 1,3-CHD. This discrepancy may
be attributed to the fact that in the rotating-sector method, the
H-atom abstracting species are polymeric peroxyl radicals,
R(OOR)nOO·, derived from the substrate.22 Furthermore, the
kadd values for 1,2-dihydronaphthalene and indene are on the
same order of magnitude as those of the styrene derivatives
reported here, suggesting consistency when using the radical
clock method. Because of the different propagating radicals
involved between the rotating-sector method and the peroxyl
radical clock method, we suggest that the rate constants
measured using the same method would provide better
comparison of the reactivity of the oxidizable molecules.
Examination of Reactivities of Biologically Important

Lipids. The values of kp, kH, and kadd for different biologically
important lipids including sterols, lipophilic vitamins, and
PUFAs were also measured using the new peroxyl radical clock
and are reported in Table 3 (Figure 4f).
Due to the low solubility of cholesterol in benzene and

hexane, which caused difficulties in both the experimental
setup and product analyses, we opted to use its ester analogue,
cholesteryl acetate, as the substrate instead. Even though
cholesteryl acetate is more reactive toward free radical
oxidation than cholesterol, their product distribution was
reported to be the same.29 The kp values of cholesteryl acetate
and 7-DHC measured by the new radical clock are 36 and
2737 M−1 s−1, respectively. Both values are close to the
previously reported values of 31.4 and 2260 M−1 s−1, which
were measured using the original peroxyl radical clock
method.24,29 These results validate the applicability of the
new approach in examining the rate constants of lipid
peroxidation. We found the HAT mechanism to be
predominant in cholesteryl acetate, which is consistent with
the previous finding that cholesterol addition products only
account for 12% of the total oxidation products.29 Due to the
conjugated double bonds in the structure of 7-DHC, we
expected to observe significant contribution from the PRA
mechanism into the overall rate constant. However, surpris-
ingly, we found 7-DHC to also be kH dominant. In addition,
coenzyme Q10 and lipophilic vitamins such as vitamin D3 and
retinal were all found to be highly reactive toward free radical
oxidation with kp values of 695, 1031, and 5656 M−1 s−1,
respectively. Significantly, the kp value of retinal suggested that
this compound would replace 7-DHC as the most reactive
biological compound toward free radical oxidation known to

date. All three compounds were found to have major
contribution from the PRA mechanism, which can be
attributed to their highly conjugated double bond systems.
Likely due to the presence of a tertiary allylic H atom, vitamin
D3 also has significant contribution from HAT.
We then examined the propagation rate constants of

different PUFAs, including CLA 18:2, CLA 18:3, and NLA
18:3. As observed in 1,3-CHD and 1,4-CHD, conjugated
PUFAs, including CLA 18:2 and CLA 18:3, have significant
contribution from the PRA mechanism while nonconjugated
PUFAs such as NLA 18:3 are kH dominant. To our surprise,
conjugated PUFAs appeared to be much more reactive toward
lipid peroxidation compared to their nonconjugated analogues.
For example, the total propagation rate constants for linoleic
acid and CLA 18:2 are 62 and 118 M−1 s−1, respectively.
Similarly, CLA 18:3 was found to be highly reactive with a kp
value of 1235 M−1 s−1 compared to the kp value of 144 M

−1 s−1

for NLA 18:3.

■ DISCUSSION
Factors Controlling the Contribution of the HAT and

PRA Reaction to the Overall Propagation Step. In this
study, we report the development of a new peroxyl radical
clock approach that, for the first time, simultaneously measures
the rate constants of the HAT and PRA reactions for a variety
of organic and lipid substrates. The structure−reactivity
relationship studies through the application of this new
approach have allowed us to derive five important factors
that influence how each mechanism would contribute to the
rate-limiting step of the free radical oxidation mechanism.
(1) Radical stabilization effects are more important than

polar effects in influencing the reactivities of the PRA reaction.
Through the application of the new peroxyl radical approach to
measure the kadd values of para- and meta-substituted styrene
derivatives, we found that only substituents that allow the
delocalization of electron spin via either resonance or
hyperconjugation would significantly enhance the reactivities
of PRA reactions. This observation is consistent with
previously reported results that radical stabilization effects
are more important than polar effects in influencing the
stability of ring-substituted benzylic radicals.38,44,45 In addition,
we found that the experimental kadd values and the computed
activation energies of styrene and its para-substituted
derivatives agreed better with the computed spin density
than the atomic polar tensor charge distribution at the benzylic
carbon as seen in Table 1 and Figure 9a and 9b.
Another example for the trend observed here is coenzyme

Q10. Specifically, the methoxy moiety, which is an electron-
donating substituent, can stabilize the radicals formed after the

Table 3. Free Radical Oxidation Propagation (kp), Hydrogen-Atom Transfer (kH), and Peroxyl Radical Addition Rate
Constants (kp) of Different Biologically Important Lipids Measured by the New Peroxyl Radical Clock Approach at 37 °Ca

substrate kp (M
−1 s−1) kadd/kH kH (M−1 s−1) kadd (M

−1 s−1) lit. kp (M
−1 s−1)

7-dehydrocholesterol (7-DHC) 2737 ± 83 kH dominant 2737 ± 83 na 2260b

cholesteryl acetate 36 ± 2 kH dominant 36 ± 2 na 31.4c

retinal 5656 ± 143 kadd dominant na 5656 ± 143 na
coenzyme Q10 695 ± 23 kadd dominant na 695 ± 23 na
vitamin D3 1031 ± 63 1.4 ± 0.4 430 ± 63 601 ± 63 na

conjugated linoleic acid 18:2 (CLA 18:2) 118 ± 8 1.1 ± 1.3 57 ± 21 61 ± 21 na
conjugated linolenic acid 18:3 (CLA 18:3) 1235 ± 60 2.4 ± 1.7 359 ± 117 876 ± 117 na

nonconjugated linolenic acid 18:3 (NLA 18:3) 144 ± 3 kH dominant 144 ± 3 na na
akH values are reported as per molecule, instead of per H atom. na, not available. bFrom ref 24 at 37 °C. cFrom ref 29 at 37 °C.
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PRA reaction at C2 or C3 via resonance (Figure 11a).
Computational modeling of the transition state of peroxyl
radical addition to C2 indicates that the methoxy group, C2,
and C3 appear to be in the same plane in the transition state
(Figure S15). On the other hand, the radicals formed after the
addition of the peroxyl radical into any vinylic carbons can be
delocalized into the carbonyl moiety, which is an electron-
withdrawing substituent (Figure 11b). Thus, the large kadd
value of coenzyme Q10 is further evidence that for the PRA
mechanism, radical stabilization effects are more important
than polar effects.
The small changes in both the measured rate constants and

computed activation energies of the meta-substituted styrenes
supported our observation that polar effects do not contribute
significantly to the PRA mechanism. In the transition state of
the addition of peroxyl radical to styrene, there is a
development of both radical characteristic and partial positive

charge at the benzylic carbon. Therefore, we employed the
extended Hammett equation to derive a linear correlation
between the computed activation energies and substituents
effects via the dual radical-cationic Hammett parameters
(Figure 9c). The negative slope of −1.04 confirmed the
predicted reaction mechanism.
(2) The PRA mechanism only contributes significantly to

the overall propagation rate constant in structures with
conjugated double bond systems, and the more conjugated
the system is, the larger the increase in the total rate constant.
As an example, due to its conjugated double bond system, 1,3-
CHD has significant contribution from the PRA mechanism in
addition to the HAT reaction and, thus, is much more reactive
toward lipid peroxidation compared to its isomer 1,4-CHD,
which is kH dominant. The same trend was also observed in
other pairs of isomers investigated in this study, such as NLA
and CLA.

Figure 11. Proposed resonance stabilization of radicals formed after the PRA reaction in coenzyme Q10 by (a) a methoxy group, an electron-
donating substituent, and (b) a carbonyl group, an electron-withdrawing substituent.

Figure 12. Structures and rate constants of different nonconjugated and conjugated PUFAs. aThis work. bFrom ref 22. cFrom ref 24.
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One of the most surprising and important findings in this
study is how much more reactive the conjugated double bond
structures are compared to the nonconjugated ones. For
example, the total propagation rate constant measured for CLA
18:3 is 10 times that of NLA 18:3, which is due to the
combination of both PRA and HAT reactions. In addition,
compounds that contain three conjugated double bonds, such
as vitamin D3 and CLA 18:3, were found to have kp values of
over 1000 M−1 s−1 with significant contribution from both
mechanisms. Significantly, retinal has a conjugated system with
five double bonds and thus has a propagation rate constant of
almost 5700 M−1 s−1, which is the largest rate constant that has
ever been measured for a lipid molecule.
To fully understand how reactive the conjugated double

bond structures are, we compared the increase in the
propagation rate constants of different nonconjugated and
conjugated PUFAs (Figure 12). Nonconjugated PUFAs such
as arachidonic acid, eicosapentaenoic acid, and docosahex-
aenoic acid are commonly considered highly reactive fatty
acids. Their reactivities toward the HAT reaction are attributed
to the number of bis-allylic positions due to the weaker C−H
bonds at these positions.41,46,47 Thus, the ratio of the rate
constants for linoleic acid, NLA 18:3, arachidonic acid,
eicosapentaenoic acid, and docosahexaenoic acid is roughly
1:2:3:4:5, which is proportional to the number of their bis-
allylic positions. However, this increase in rate constant is
much larger for the conjugated double bond systems. For
example, CLA 18:3 has only one more double bond than CLA
18:2, but the difference in their propagation rate constants is
10 times. Based on the result of retinal, we estimated that a
structure with five conjugated double bonds would have a kp
value of roughly 6000 M−1 s−1, and a structure with four
conjugated double bonds would have a rate constant in
between 1235 and 6000 M−1 s−1.
(3) Monoallylic positions that are adjacent to conjugated

double bond system are reactive toward the HAT reaction.
Monoallylic H atoms in acyclic structures are commonly
believed to be less reactive toward abstraction compared to
those at bis-allylic positions. However, once the values of kadd
and kH are distinguished for conjugated PUFAs using the new
peroxyl radical clock, we found that monoallylic positions that
are adjacent to a highly conjugated double bond system are
also highly reactive toward HAT reactions. For example, when
there is an increase in double bond from CLA 18:2 to 18:3,
there is a 6-fold increase in kH values, though to a lesser extent
than the increase in kadd values (14-fold). Our results are, in
fact, consistent with the findings that C−H BDEs decrease
with extended conjugation of lipids.41 Specifically, the lowest
theoretical C−H BDEs calculated for lipids with two and three
conjugated double bonds were 77.4 and 72.9 kcal/mol,
respectively, comparable to the bis-allylic C−H bond BDE at
72.7 kcal/mol.41

(4) Cyclic compounds are more reactive toward lipid
peroxidation than their acyclic analogues, but their kadd/kH
ratios are the same. The trend that cyclic compounds are more
reactive toward lipid peroxidation than their acyclic analogues
has previously been discussed.4 Indeed, we found that 1,3-
CHD has a much larger kp value compared to 1,3-hexadiene
and CLA 18:2. However, after measuring the individual kadd
and kH, we found that all three compounds have almost the
same ratio kadd/kH of one. This indicates that both kH and kadd
values are larger in the cyclic compounds than their acyclic
analogues.

(5) Steric hindrance and the location of the substituents can
potentially affect the reactivity of the PRA mechanism. Despite
the opposite polar transition state, factors that affect the
reactivities of carbon-radical addition to alkenes can also be
applied to PRA to alkenes. The first factor is steric hindrance
which can potentially dictate the regioselectivity of both
reactions. Specifically, it was found that carbon radicals, and
potentially peroxyl radicals, attack alkenes preferentially at the
carbon atoms which are the least sterically hindered.35 The
second factor is the location of the substituents. In the addition
of carbon radical to alkenes, it was found that a substituent that
is bound to the α-carbon, to which the radical is added, exerts
markedly different effects compared to a substituent attached
to the neighboring carbon (the β-carbon);35 i.e., the β-
substituent only exerts a polar effect on the rate constant while
the α-substituent mostly exerts both polar and steric effects,
but the polar effect is less than that of the β-substituent.
Therefore, we propose that the same principle can be applied
to the reaction between peroxyl radical and alkenes. In fact,
even though 1,3-hexadiene, 2,4-hexadiene, and 3-methyl-1,3-
pentadiene all have an additional methyl group compared to
1,3- pentadiene, only 2,4-hexadiene and 3-methyl-1,3-
pentadiene have a substantial increase in kadd due to the
polar effect of the additional methyl group on the conjugated
double bonds. Replacing the methyl with an ethyl group in 1,3-
hexadiene and the addition of a methyl on the other end of the
alkene in 2,4-hexadiene resulted in substantial kH, but addition
of the methyl at the cross-conjugation position of the alkene in
3-methyl-1,3-pentadiene did not result in an observable kH.
Furthermore, addition of two more terminal methyl groups in
2,5-dimethyl-2,4-hexadiene resulted in large increases in both
kadd and kH. On the other hand, the smaller kadd value of 2,4-
dimethyl-1,3- pentadiene relative to 3-methyl-1,3-pentadiene is
likely due to the steric hindrance at one of the terminal vinyl
carbons. However, for this series of dienes overall, the steric
effect appears to be less important than the radical-stabilizing
effect of the additional substituents. Further investigation is
required to examine whether a bulkier substituent on the α-
carbon could exert a larger steric effect for the PRA reactions.

Limitations of the New Peroxyl Radical Clock
Approach. We found that there is a threshold to which the
new peroxyl radical clock approach can distinguish between kH
and kadd values. Since a PRA-derived epoxide product, 7-DHC
5α,6α-epoxide, was previously detected among the oxidation
products of 7-DHC,12,29,30 we predicted that there should be
significant contribution from the PRA mechanism to the
peroxidation of 7-DHC. However, our results showed that 7-
DHC is kH dominant. This finding is surprising as we
mentioned that structures with conjugated double bonds are
expected to have a large kadd value. We attempted to resolve
this conflict in results by investigating α-terpinene, a
compound that shares a cyclic diene and a tertiary monoallylic
position with the 7-DHC structure (Figure 4e and Table 2). In
fact, the abstraction of an H atom from the tertiary monoallylic
position of α-terpinene would yield a highly stable carbon
radical. This explains the large increase in both the total
propagation and HAT rate constants compared to 1,3-CHD,
which only has the cyclic diene in its structure. Significantly,
the kadd/kH ratio also decreases from 0.95 in 1,3-CHD to 0.28
in α-terpinene. Compared to α-terpinene, 7-DHC has two
tertiary monoallylic positions, a much more rigid structure, and
a well-aligned axial C−H bond with the π-orbitals, which
requires minimum reorientation of the molecule to reach the
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transition of HAT.24,30 Thus, it is reasonable to see that 7-
DHC displays a much larger kH than α-terpinene. On the other
hand, a cholestadienol with a similar substitution pattern as α-
terpinene has a kp of 1370 M−1 s−1, similar to that of α-
terpinene.48 Although there is contribution from the PRA
mechanism to the total propagation rate constant of 7-DHC,
the kadd value may be too small to be detected by the new
radical clock, which relies on accurate determination of the
kadd/kH ratio. Similarly, even though 12% of the total oxidation
products from cholesterol or cholesteryl acetate were addition
products,29 our new approach was not sensitive enough to
measure the kadd of this substrate. Therefore, we concluded
that there is a threshold of the kadd/kH ratio at which the new
radical clock approach can resolve the individual kadd and kH
values. In the case where the contribution from one
mechanism is significantly less than the other, the new
approach is not sensitive enough to resolve them. The lowest
kadd/kH ratio that we were able to measure in this study was
0.28 of α-terpinene. Improvement on the new radical clock
approach would be needed in the future to overcome this
limitation.
Biological Implications of the Lipid Peroxidation

Mechanism. The differentiation between HAT and PRA
reactions in the propagation step will allow us to better
understand not only the lipid peroxidation kinetics and
mechanism but also the distribution of the oxidation products
of a lipid, which translates into its biological and pathological
effects. For example, a lipid that primarily undergoes the PRA
mechanism would yield more addition products such as
epoxides and, thus, would exert very different biological effects
compared to a lipid that predominantly undergoes the HAT
mechanism, which generates mostly lipid hydroperoxides.
Therefore, it would be interesting to compare the biological
effects of nonconjugated PUFAs, which predominantly under-
go the HAT reaction, and conjugated PUFAs, which can also
undergo PRA in addition to the HAT reaction. Even though
the peroxidation reactivities and mechanism of nonconjugated
PUFAs, such as arachidonic acid, have been studied
extensively,2,49 to our knowledge, this is the first study that
explored the reactivities and mechanism toward lipid
peroxidation of conjugated PUFAs, including CLA 18:2 and
CLA 18:3. Conjugated linoleic and linolenic acids do not occur
naturally in humans and can only be found in meat and dairy
products from ruminants and plant-based food products such
as pomegranate seed oil and bitter gourd seed.50−53 However,
these conjugated fatty acids have attracted many research
efforts due to their health-promoting properties, such as
antidiabetic,54 anti-inflammatory,55 antiatherogenic,56 and
anticarcinogen.57,58

Interestingly, parinaric acid, an 18:4 conjugated fatty acid, is
>25 times more cytotoxic to cancer cells than the
corresponding nonconjugated fatty acids, and the antioxidant,
butylated hydroxytoluene, abolishes its cytotoxicity, indicating
a lipid peroxidation-mediated cell death mechanism.59 Another
CLA 18:3, α-eleostearic acid, was recently found to
significantly sensitize triple-negative breast cancer cells to
ferroptosis,60 a type of cell death that is tightly associated with
lipid peroxidation.13,14,61 Due to the substantial generation of
ROS and constantly being under high levels of oxidative
stress,62 certain types of cancer cell lines rely heavily on the
functions of the components in the cellular antioxidant
network, including glutathione peroxidase 4 and system xc

−,
for their survival.13,14 Therefore, inhibition of these two

components by RSL3 and erastin, respectively, leads to the
accumulation of lipid oxidation products via the free radical
chain reactions to lethal levels, resulting in cell death, i.e.,
ferroptosis.16 Since lipid peroxidation plays a central role in the
execution of ferroptosis, nonconjugated PUFAs, such as
arachidonic acid, due to their high reactivities toward lipid
peroxidation, have been found to potentiate ferroptosis.61,63,64

Based on the surprisingly large kp value measured in this study
for conjugated PUFAs, we suggest that the cytotoxicity of
conjugated PUFAs to cancer cells can be attributed to its high
reactivity toward lipid peroxidation. The ability of conjugated
PUFAs to enhance ferroptosis could also be related to their
oxidation product distribution, which should be composed of
large amounts of addition products, i.e., allylic epoxides. These
epoxides are highly electrophilic and can form adducts with
macromolecules, such as proteins and DNA, leading to
damages.65,66 Besides conjugated PUFAs, the peroxidation
reactivities and mechanism of coenzyme Q10 and lipophilic
vitamins, such as retinal and vitamin D3, were determined for
the first time in this study. Coenzyme Q10, retinal, and vitamin
D3 have been found to play important roles in a variety of
biological processes.67−69 However, only the reactivities and
peroxidation mechanism of vitamin A precursor, β-carotene,
have been studied previously.70−75 It would be intriguing to
explore how the high reactivities of these lipid species would
translate into their biological activities, especially in ferroptosis.
The exceptionally large rate constant of vitamin A, retinal in
this study, is of particular interest because it has been reported
to act as both an antioxidant and a pro-oxidant under low and
high oxygen tension, respectively.70−73 Considering the fact
that oxygen tension varies significantly in different tissues/
organs, vitamin A might play different roles in inducing or
inhibiting ferroptosis in different types of cancer cells.

■ EXPERIMENTAL SECTION
General Methods and Materials. The radical initiator,

MeOAMVN, was purchased from Wako Chemicals, dried under
vacuum, and stored at −80 °C. MeLn (Nu-Chek-Prep, Inc.) was
purified through silica gel (10% ethyl acetate:90% hexane) prior to
use and stored at −80 °C. Sty, 4-MeSty, 4-MeOSty, 4-ClSty, 4-FSty,
3-MeSty, 3-MeOSty, 3-ClSty, α-MeSty, (trans-)β-MeSty, 1,3-
pentadiene, 3-methyl-1,3-pentadiene, 2,4-dimethyl-1,3-pentadiene,
1,3-hexadiene, 2,4-hexadiene, 2,5-dimethyl-2,4-hexadiene, 1,2-dihy-
dronaphthalene, indene, 2-methylindene, and α-terpinene were
purchased from Sigma-Aldrich Co. and were purified through a
short Al2O3 column to remove stabilizers such as 4-tert-butylcatechol
prior to use. 4-NO2Sty was purchased from Thermo Fisher Scientific
Inc., stored at −20 °C, and purified through a column to remove
stabilizers prior to use. 7-DHC was purchased from Sigma-Aldrich
Co., stored at −20 °C, and purified through silica gel column prior to
use. Cholesteryl acetate was purchased from Thermo Fisher Scientific
Inc. and used without further purification. Retinal, coenzyme Q10,
and Vitamin D3 were purchased from Chem-Impex Int’l Inc. and used
without further purification. CLA 18:2 and NLA 18:3 were purchased
from Nu-Chek-Prep, Inc. and used without further purification.
9(E),11(E),13(E)-CLA 18:3 (≥97%) was purchased from Cayman
Chemical and used without further purification. The internal
standard, 9-anthracenemethanol (97%), was purchased from Sigma-
Aldrich Co. LiAlH4 (1 M in THF) was purchased from Sigma-Aldrich
Co. Benzene (HPLC grade) was passed through a column of neutral
alumina prior to use. HPLC grade hexanes and isopropyl alcohol were
purchased from Thermo Fisher Scientific Inc.

General Procedure for the New Peroxyl Radical Clock
Approach Using Methyl Linoleate. The initial experimental setup
for the new approach is similar to the conventional peroxyl radical
clock method.23 Briefly, for each reaction, stock solution of the
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substrate at various amounts was added first to each reaction vial.
Then, the same amount of stock solution of MeLn in benzene, an
adjusted amount of benzene, and the same amount of stock solution
of MeOAMVN in benzene were added to bring the final reaction
volume in each vial to 300 μL. The final concentrations of MeLn and
MeOAMVN are 0.302 M and 1.5 mM, respectively. Each reaction was
carried out at 37 °C for an hour and then quenched by adding
butylated hydroxytoluene (50 μL, 0.2 M in benzene) and 9-
anthracenemethanol (6 μL, 3 mM in chloroform). The resulting
mixture was vortexed for 5 s and left at room temperature for 30 min
before splitting into two portions of the same volume. The first
portion was diluted with 1 mL of hexane for the analysis of HPODEs
by HPLC-UV (Phenomenex Luna 4.6 × 150 mm Si column; 3 μm
particle size; 1.0 mL/min; eluting solvent, Hex:Iso = 99.5:0.5). The
other half of the reaction mixture was reduced by the addition of
LiAlH4 (90 μL, 1 M in THF). The mixture was then vortexed for 5 s,
left at room temperature for 15 min, and quenched by the addition of
concentrated HCl (20 μL). The final reaction mixture was diluted
with 1 mL of hexane, followed by filtration with Teflon syringe filter,
for the analysis of HODOLs by HPLC-UV with eluting solvent of
Hex:Iso = 95.5:4.5 using the same column. The measurement of rate
constants for each substrate is performed in triplicate. The peak areas
for HPODEs and HODOLs were integrated at 234 nm. In addition,
the peak areas for the internal standard were integrated at 254 nm.
The ratio [t,c-HODOLs]/[t,t-HODOLs] is calculated as below:

[ ‐ ]
[ ‐ ]

= ‐
‐

t c
t t

t c
t t

, HODOLs
, HODOLs

(total areas under all , HODOLs)
(total areas under all , HODOLs)

The ratio [HODOLtotal]/[HPODEtotal] is calculated as below:

[ ]
[ ]

=

HODOL
HPODE

(total areas under all HODOLs)/(total area of internal standard)
(total areas under all HPODEs)/(total area of internal standard)

total

total

General Procedure for Free Radical Oxidation of 7-DHC
with the New Peroxyl Radical Clock Approach. The oxidation,
reduction, and HPLC-UV analysis for 7-DHC were carried out
similarly as described above. However, the stock solution of 7-DHC
was prepared in a solvent mixture of an equal amount of
chlorobenzene and benzene (chlorobenzene:benzene = 1:1). The
reaction was also carried out in chlorobenzene:benzene to increase
the solubility of 7-DHC.
General Procedure for Free Radical Oxidation of Retinal

with the New Peroxyl Radical Clock Approach. The oxidation,
reduction, and HPLC-UV analysis for retinal were carried out
similarly as described above, but the experiment was carried out in
only 30 min instead of 1 h.
General Procedure for Free Radical Oxidation of NLA 18:2,

CLA 18:2, and CLA 18:3 with the New Peroxyl Radical Clock
Approach. The oxidation, reduction, and HPLC-UV analysis for
NLA 18:2, CLA 18:2, and CLA 18:3 were carried out similarly as
described above. However, the −OOH moiety in these three fatty
acids gives a broad peak in the HPLC chromatograms that overlaps
with the HPODEs product peaks. Therefore, to avoid this
overlapping, the nonreduced reaction mixture of these three
compounds was analyzed using an eluting solvent of Hex:Iso =
99.864:0.136.
Preparation of HODOLs. A large-scale autoxidation was carried

out using 5 g of methyl linoleate and 5 mol % of MeOAMVN at 37
°C. The product mixture was then quenched by the addition of BHT
and then reduced with LiAlH4 at 0 °C. After an excess amount of
LiAlH4 was quenched with concentrated HCl, the solution was
neutralized by the addition of saturated NaHCO3 solution until there
were no bubbles. The resulting solution was then extracted with
methylene chloride and ethyl acetate and concentrated. The product
mixture was then first purified by flash column chromatography to
enrich HODOL-containing fractions and remove the majority of
reduced methyl linoleate. Part of the HODOL mixture was then
subject to purification by HPLC (250 × 10 mm Si column; 5 μm; 6

mL/min; eluting solvent, Hex:Iso = 95.5:4.5) to obtain individual
HODOLs. Ag+-coordination electrospray ionization analysis of
individual HODOLs on a high-resolution QTOF mass spectrometer
(Waters Synapt XS) revealed expected doublets due to the isotopes of
Ag (107Ag and 109Ag) (Figure S14).

13-trans, trans-HODOL. 1H NMR (CDCl3, 300 MHz): 0.88 (t,
3H, J = 6.8 Hz), 1.30 and 1.56 (br s, 20H), 2.07 (q, 2H, J = 6.9 Hz),
3.64 (t, 2H, J = 6.6 Hz), 4.11 (q, 1H, J = 6.5 Hz), 5.57 (dd, 1H, J =
7.0 and 15.1 Hz), 5.70 (dt, 1H, J = 7.2 and 14.9 Hz), 6.02 (dd, 1H, J
= 10.4 and 15.0 Hz), 6.17 (dd, 1H, J = 10.4 and 15.2 Hz). 13C NMR
(CDCl3, 500 MHz): 14.06, 22.62, 25.15, 25.72, 29.09, 29.19, 29.36,
29.41, 31.81, 32.63, 32.81, 37.33, 63.10, 72.93, 129.50, 130.96, 133.69,
135.51. HRMS [M + 107Ag]+ (C18H34AgO2): observed, 389.1652;
theoretical, 389.1604. UV−vis: λmax (in hexanes) = 230.9 nm.

9-trans, trans-HODOL. 1H NMR (CDCl3):
1H NMR (CDCl3, 300

MHz): 0.89 (t, 3H, J = 6.8 Hz), 1.31 and 1.56 (br s, 20H), 2.07 (q,
2H, J = 6.9 Hz), 3.64 (t, 2H, J = 6.6 Hz), 4.10 (q, 1H, J = 6.5 Hz),
5.57 (dd, 1H, J = 7.0 and 15.0 Hz), 5.70 (dt, 1H, J = 7.2 and 14.9
Hz), 6.02 (dd, 1H, J = 10.4 and 14.9 Hz), 6.17 (dd, 1H, J = 10.4 and
14.9 Hz). 13C NMR (CDCl3, 500 MHz): 14.06, 22.54, 25.43, 25.72,
28.93, 29.36, 29.50, 29.52, 31.43, 32.63, 32.81, 37.33, 63.10, 72.91,
129.42, 131.01, 133.61, 135.66. HRMS [M + 107Ag]+ (C18H34AgO2):
observed, 389.1652; theoretical, 389.1604. UV−vis: λmax (in hexanes)
= 230.9 nm.

13-trans, cis-HODOL. HRMS [M + 107Ag]+ (C18H34AgO2):
observed, 389.1639; theoretical, 389.1604. UV−vis: λmax (in hexanes)
= 234.4 nm.

9-trans, cis-HODOL. HRMS [M + 107Ag]+ (C18H34AgO2):
observed, 389.1644; theoretical, 389.1604. UV−vis: λmax (in hexanes)
= 234.4 nm.

Computational Method. All geometry optimization was
performed using the Gaussian 16 software76 with the hybrid density
functional B3LYP and the 6-31++G(d,p) basis. Transition state
optimization and calculations, including activation energies, spin
densities, and atomic polar tensor charge distribution, were also
carried out using the B3LYP/6-31++G(d,p) with QST2 method. The
activation energies were calculated by deducting the sum of total
energies (electronic + thermal free energies) of styrene derivatives and
methyl peroxyl radicals from the total energies (electronic + thermal
free energies) of the transition state.
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